ABSTRACT: Textile reinforced concrete is a new composite material suitable for a wide range of structural or cladding applications. The material can be produced in plate or panel form or as a lattice structure, each of these forms requiring different production and connection techniques. Geometric and structural modifications are necessary to improve the performance of thin-walled building components in textile reinforced concrete. Using selected applications, we outline the main principles of component design in relation to type of load, method of production and connection details.
INTRODUCTION
The main structural and architectural characteristics of textile reinforced concrete are influenced by the type of material used for reinforcement and the method of production. On the one hand, the use of AR-Glass or carbon-fibre as reinforcement enables the construction of very thin-walled elements, just 10-30 mm thick, as unlike with steel reinforced concrete there is no need here to ensure a minimum cover over the reinforcing bars to protect against corrosion. On the other hand, the textile materials used for reinforcement are generally available as sheets which are easy to form and which can be adapted to the geometry of the element. When used in combination with concrete matrices of high fluidity, textile reinforced concrete thus meets the precondition for creating elements with very free forms. Another influencing key factor here, however, is the method of production. The various production methods currently used lead to limitations as regards the shape of elements, as they either exclude certain geometries or only permit certain degrees of reinforcement. The laminating technique, for example, while enabling very highly reinforced components with 15-20 layers of textile reinforcement, is much more restricted in terms of element geometry than other methods of production.
Pouring and injection-moulding give greater freedom in designing shapes. However, with these methods, only relatively low degrees of reinforcement are possible. Using the pouring technique, only three to four layers of textile reinforcement can be integrated into a component, thus excluding its use in many different load situations. A good example here is the diamond truss which was constructed as part of the SFB 532 in February 2005 ( Fig. 1.1 ). Only the pouring process was capable of producing the complex component geometry involved here. Because the overall structure is a load-bearing frame that is generally only subject to compression forces, only two layers of reinforcement were needed in the elements. This is an example of an application in which load, production technique and form all fit together very well [Sch06] . It is still easier to produce two-dimensional, level shapes in textile reinforced concrete, a factor that has to do with the reinforcing textile itself and with the method of production. However, flat, panel-like components are only usable in a very limited range of applications, as this type of component geometry is not suitable for loading occurring rectangular to the plane. One idea, therefore, in the development of applications and components, is to modify or combine the flat geometric shapes in a way that enhances the performance of the component, in particular as regards load-bearing. The options for modifying these geometries can be divided into four categories (Table 1) . Set out in the following are examples of applications of textile reinforced concrete for some of these categories. 
Calculation, construction and form
Assuming an effective span of 10 m, a load field of 2.5 m and a load of 1.5 kN/m 2 including dead weight, calculations were performed by the Institut und Lehrstuhl für Stahlbau und Leichtmetallbau at RWTH Aachen University on the basis of existing calculation models [Heg04] . As expected, the greatest forces occurred in the outer diagonal bars and in the bottom chord, at 21.16 kN and 44.79 kN, respectively. For dimensioning, the forces were multiplied with a safety factor of 3. Based on these results, we carried out proportion studies using profile combinations ( Fig. 2.1 ).
Fig. 2.1.
Profile combinations Doubling up the profiles on the top and bottom chords turned out to be a good alternative, as in this variant the forces are distributed between two elements and simple connection geometries are created for the junctions. To prevent a lateral yielding of the top chords and of the diagonal compression bars, these were linked by means of coupling elements in the bays. The junctions were designed with special connectors ( Fig. 2. 2) in which the diagonal bars and the top and bottom chords are joined together with studs of high grade steel.
Fig. 2.2. Joint
For transferring the tension forces into the junction, perforated steel panels with welded-on stud bolts of high grade steel were concreted into the 25 x 100 mm diagonal tie bars. A laminating method was used in the production, the only way to integrate the 14 layers of reinforcement needed and the perforated sheet with a thickness of 3 mm ( Fig. 2. 3). For reinforcement, an AR-glass non-woven fabric with lattice spacing of about 8 mm x 8 mm and a cross-sectional area of 55 mm 2 /m in 0° and 90° direction was used. However, this type of load transfer to the junction proved less than optimal. In initial tension tests the samples split at only 30% of the load they were supposed to take, and the perforated sheet was pulled out. This can be seen as an indication that the concept of joining such bar structures made of individual bars is not practicable for textile reinforced concrete. In analogy with the diamond truss, it could be sensible here, too, to link several bars together into a fixed assembly at the production stage. This simplifies the load transfer and the geometry of the junctions. Therefore, however, another method of production is needed. Casting does not allow 14 layers of reinforcement to be used. A wrapping technique could be a solution, but this would require the load-bearing structure to be dissected into individual triangles that are combined with a bottom chord profile (Fig. 2.4 , 2.5). This would again achieve a convincing interaction between the type of load, the production technique and the component design. 
Issue under investigation
Because textile reinforced concrete panels are both, thin and they have a high compression resistance (approx. 80 N/mm 2 ), an obvious application for such elements is in the construction of walls, ceilings and flat roofing components. Because of the different types of loading and physical requirements, it is necessary to strengthen the textile reinforced concrete elements. This can be achieved in two ways: By designing the composite units as sandwich elements in which textile reinforced concrete layers and a rigid foam core are joined into a single structural unit, or by using multiple-layered constructions in which the various functions (load-bearing, insulation, external skin) are fulfilled by different layers, the load-bearing layer being strengthened by profiling (Fig 3.1) . Questions regarding the application, component design and joining arise in connection with such a composite concept. Principles of composite components. Left: sandwich component; right: multi-layered component
Calculation, construction and form
To verify the applicability of such composite components, a system house was developed on the basis of these elements. The wall and ceiling units are designed as sandwich units, while the floor decks, subject to higher load, were designed as a hollow floor (Fig. 3.2) . Such modular systems (Fig. 3. 3) seem suitable in particular with building typologies that are based on an additive system of identical units, e.g. row houses. Other positive aspects are the reduction of the overall wall cross section to 15 -18 cm, and less complexity in the construction of the components. The mineral surfaces of the components can be altered by micro-structuring, pigmentation or chemical or mechanical treatment, which opens up a wide range of surface designs, alongside a simple, exposed concrete finish. Calculations of wall and floor units performed at the Institute of Structural Concrete at RWTH Aachen University showed that four to five layers of MAG-07-03, an AR-glass nonwoven fabric with lattice spacing of 8 mm x 8 mm and a cross-sectional area of 107 mm 2 /m in 0° and 90° direction, were necessary for wall elements. The principal loads here come from temperature-related deformation in the outer layer. The loads from the floors are carried away exclusively via the inner layer. For the hollow floor elements, the height of the unit needs to be 26 cm (Fig 3.4 As well as the design of the individual component, which is dependent on the method of production, designing the junction points is also one of the main challenges in further development work on composite components.
PLATES AND SHELLS

Simple folded or curved plates
Already by the mid 20 th century, lightweight, prefabricated structural shells were used for roof structures of industrial buildings. By folding and bending these shells, it was possible to achieve a high load-bearing capacity and spans of up to 24 m. Plates are also indicated in textile reinforced concrete because of the material's properties. The highly compressionresistant concrete matrix and the planar arrangement of glass or carbon fibres initially promote a development of cross sections similar to those of steel reinforced concrete. However, there are two key criteria that are fundamentally different to steel reinforced concrete structures. Firstly, the method of production means that thin-walled textile reinforced concrete components have to be prefabricated; only in exceptional circumstances can they be produced on site, e.g. by spraying. Secondly, because pouring and injection-moulding methods can only accommodate three to four layers of textile reinforcement, wide zones, subject to tensile forces, have to be created. In contrast to this, in steel reinforced concrete, tension can be applied in a very concentrated fashion. These considerations led to the example constructions outlined in the following.
Folded plate and barrel shell
The simple folded plate structure represented a combination of beam and roof covering with many different types of application (Fig 4.1, left) .
In the case of the long barrel shells, the shell effect of thin concrete structures comes into play (Fig 4.1, right) . "A comparison of folded plates and barrel shells illustrates the differences in load-bearing performance: The relation between overall width and lower zone subject to tensile forces is better with the folded plate than with the barrel shell. The shell effect of the upper zone subject to compression forces in the barrel can also be used in textile reinforced concrete, but it is not possible to take up the tension forces in so concentrated a way as with steel reinforced concrete. Not enough textile reinforcement can be built into the relatively narrow L-shaped haunches." [Sch04] If for functional or design reasons a higher rise is possible than the one used in the very shallow shells examined here, then the long barrel could be further optimised with an almost semi-circular cross section. 
Issue under investigation
In further considerations on the development of load-bearing structures in textile reinforced concrete, we looked at breaking down the area of the component into segments. Smaller segments with an area of 1 to 2 m 2 , as shown in figure 4.2, simplify the production process. The individual segments can be casted or injected vertically into closed formwork. These practical individual sections also offer advantages in terms of transport and assembly. To fit them together to form the larger structure, they are fastened to each other and prestressed by means of steel cables or carbon rods, which also enables the load-bearing performance to be influenced.
Fig. 4.2.
Segmented, prestressed girder shapes
Calculation, construction and form
In order to be able to put together structural plates like long barrel shells or shell arches from individual prefabricated elements, even compression has to be achieved on the edges along which the sections are to be jointed by prestressing. Therefore, an even distribution of tendons in the cross section is necessary, so that no tension forces can occur along these edges in any load situation. For the initial design, thin tendons with a cross section of approx. 15 mm were chosen as well as an outer diameter of the plastic sheath of 20 mm. A minimum of 60 mm of concrete cross section has to be planned to envelope this sheath. The prestressing tendons change the geometry of the cross section. Depending on the design of the component cross section, it is possible to integrate the tendons. Alternatively, the tendons are traced clearly on the outside or on the inside of the girders or shells, or on both. At the ends of the tendons, the concrete cross section has to be increased to 120 mm in order to take the increased forces. Thus the method of prestressing textile reinforced concrete girders generates a very specific form.
4.2.3
Wave shaped beam and shell arch
For simply folded or curved roofing components the segmented ridged structural shell is one option for cross-section design. The 2 m wide, 45 cm high elements are compressed by 4 tendons at their centre of gravity. The concrete cross section of 6 cm needed for the prestressing can be integrated into the corrugated shape. Towards the edge and at the high point of the shell, this reduces to 2 cm thickness (Fig. 4.3) . Initial calculations by the Institute of Structural Concrete (IMB), RWTH Aachen University, show that two layers of AR-Glass MAG-07-03 are necessary as textile reinforcement, with up to 5 layers being required for some areas under higher load.
The double-curved shell arch has high rigidity. At a rise of 35 cm, the arch spans over 12 m. The 14 elements have dimensions of 120 cm x approx. 90 cm. Smaller edge elements take up the thickening for the prestressing anchor (Fig. 4.4) . As with the corrugated shell girder, 2 to 6 layers of textile reinforcement are necessary. The thickness of the shell is 2 cm, increasing to 6 cm at the tendons. Thus, both, segmentation and prestressing influence the design and articulation of the shell construction. 
CONCLUSIONS
The applications described show that by forming and combining textile reinforced concrete elements, it is possible to create high-performance components that also permit a wide variety of component designs. A continuing problem is the joining of the elements, in particular where larger forces in the junctions have to be transferred. The free formability of the two material components -concrete matrix and textile -is as yet insufficiently exploited in all applications. In the diamond truss and plate structures linked by tendons, the indication of the formability of the material having an influence on component design can be detected. In particular the production technology has to be advanced here in order to fully exploit the design potential of the material.
